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Some intriguing discoveries were made concerning the collision-activated dissociation be- 
havior of the derivatized carboxylate anions of PGEp and PGFh. The carboxylate anion [M- 
PFB]- formed from electron-capture negative chemical ionization of the pentafluorobenzyl 
ester-trimethylsilyl derivative of PGF 201 showed little fragmentation under typical collision 
gas pressures and energies (~2.0 mtorr N2 and ~20 eV). In contrast, the daughter spectra of 
the carboxylate anion of the methoxime-pentafluorobenzyl ester-trimethylsilyl derivative of 
PGEz produced many intense fragments under the same conditions. (1 Am Sot Mass Spectrom 
2990, 1, 389-396) 
T ace analysis of arachidonic acid metabolites such as prostaglandins continues to pose a chal- lenging analytical problem [l]. Prostaglandin 
concentrations in biological fluids have been deter- 
mined by bioassay, radioimmunoassay (RIA), high- 
performance liquid chromatography (HPLC), gas chro- 
matography (GC), and gas chromatography combined 
with mass spectrometry (GUMS). It has been shown 
that with these methods prostaglandin concentrations 
are often overestimated [2]. This problem can be traced 
to the lack of accuracy, reliability, and poor specificity 
of the techniques used for analysis. 
The formation of a methoxime-pentafluorobenzyl 
ester-trimethylsilyl (MO-PFB-TMS) derivative followed 
by subsequent analysis with capillary GC electron- 
capture negative chemical ionization (EC-NCI) mass 
spectrometry is considered to be the most sen- 
sitive and selective technique in the analysis of 
prostaglandins [3-91. However, selected-ion monitor- 
ing (SIM) traces sometimes contain many interfering 
peaks, thereby not allowing reliable quantitation. Gas 
chromatography combined with tandem mass spec- 
trometry (GCIMSIMS) can help to diminish this prob- 
lem through a reduction of the chemical noise utiliz- 
ing the selected-reaction monitoring (SRM) mode [lo, 
111. The ions formed by electron ionization (EI) of the 
methyl ester/methoxime trimethylsilyl ether deriva- 
tives of prostaglandins show considerable fragmenta- 
tion in the collision-activated dissociation (CAD) pro- 
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cess [12, 131. However, the carboxylate anions of cer- 
tain prostaglandins produced by EC-NC1 have been re- 
ported to be extremely stable when subjected to CAD 
w41. 
It has been observed in our lab that the car- 
boxylate anions of certain prostaglandins exhibit lit- 
tle fragmentation even at high collision energies (>20 
eV) and pressures (1.5 mtorr Nz). We have found 
that the subtle differences among the structures of 
prostaglandins E2 (PGEr), Fzo: (PGF,,), D2 (PGD,), 
and 13,14-Dihydro-15-keto FL (DHK&) (Figure 1) 
yield enormous differences in CAD efficiency. The 
CAD efficiency for the [MOXITMS-PFB]-, [M-PFB]-, 
and [M-H]- carboxylate anions is significantly differ- 
ent for closely related prostaglandins. The low frag- 
mentation and CAD efficiencies of the carboxylate an- 
ions of PGFr, and DHKEZ, compared to those of I’GEz 
and PGDr clearly indicate the greater stability of these 
species. Here we evaluate these differences and ex- 
plain them in relation to the structural differences be- 
tween the carboxylate anions for the prostaglandins. 
Experimental 
Prostaglandins and Reagents 
The prostaglandins Ez, FIN, 9, and 13,14-Dihydro-15 
keto Fro, as well as 0-methylhydroxylamine hydro- 
chloride, N,N-diisopropylethylamine, pyridine, and 
acetonitrile (analytical grade) were all purchased from 
Sigma Chemical Co. (St. Louis, MO). Pentafluoro- 
benzylbromide (PFBBr) and bia(trimethylsilyl)trifluoro- 
acetamide (BSTFA) were purchased from Pierce Chem- 
ical Co. (Rockford, IL). The methane (>99%) used 
as the chemical ionization reagent gas was purchased 
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Figure 1. Structures of the four prostaglandins studied: (a) 
PGF,,; (b) PGE?; (c) PGD2; (d) DHKFz,. 
Products, Inc. (Orlando, FL). Helium used as GC car- 
rier gas and nitrogen used as CAD collision gas were 
commercial grade, with their purity checked by mass 
spectrometry. 
Derivatization 
The methoxime-pentafluorobenzyl ester-trimethylsilyl 
(MO-PFB-TMS) derivatives (Figure 2) were formed 
for the GUMS/MS studies. The method used was 
similar to the derivatization of Hubbard et al. [15]. 
A 1-pg quantity of each prostaglandin was treated 
with 100-200 pL of methylhydroxylamine HCl in dry 
pyridine (4 mg/mL), allowed to stand overnight at 
room temperature, then evaporated under nitrogen 
until dry. Each sample was acidified by adding 200 
HL of 1N formic acid, extracted with two 1 mL 
aliquots of ethyl acetate, and the extract dried un- 
der nitrogen. Then 50 PL of acetonitrile, 30 pL of 
30% of PFBBr in acetonitrile, and 15 PL of 10% N,N- 
diisopropylethylamine in acetonitrile were added to 
the dried methoxime derivative. Each solution was al- 
lowed to stand for 30 min at room temperature be- 
fore the reagents were evaporated with nitrogen. Ex- 
cess derivatizing reagent was removed by dissolving 
the sample in 200 pL of distilled water then extracting 
with two 1 mL aliquots of a methylene chloride:hexane 
(50:50 volume:volume); the extract was then dried un- 
der nitrogen. The trimethylsilyl derivative was formed 
by adding 100 PL of BSTFA and allowing to stand 
overnight at room temperature. Dilutions were made 
from this solution so that a 500 pg/pL solution of 
each prostaglandin was used for injections. The solids 
probe/MS/MS studies were performed either by ana- 
lyzing the standards without derivatization or as the 
PFB derivative, using only the PFBBr esterification step 
above. 
Sample Introduction 
Gas chromatographic separation was carried out on 
a short J&W Scientific (Folsom, CA) DB-1 (3-m long, 
0.25 mm i.d., 0.25 pm film thickness) capillary col- 
umn in the splitless mode with helium carrier gas at 
an inlet pressure of 4-6 psi. The initial temperature of 
200 “C was held for 30 s, then increased at ZO”Cimin 
to 260 “C. The injector temperature was 300 “C. One- 
microliter injections of a 500-pg/pL solution of each 
prostaglandin were made in triplicate at each condi- 
tion for the GClMSiMS studies. 
The solids probe was used as the means for sam- 
ple introduction to study the PFB ester derivatives 
TMSO 
COO-PFB 
64 
CH30-N 
(b) G-‘- 
TMSO iTMS 
TWO 
CC) 
+ COO-PFB 
TMSO 
(d’ G-pFa 
TMSO N-OCH, 
Figure 2. Structures of the MO-PFB-TMS derivatives of the four 
prostaglandins: (a) PGF2,; (b) PGE2; (c) PGD2; (d) DHKFh. 
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and the free (nonderivatized) prostaglandin standards. 
The initial temperature was 50°C and increased at 
20 ‘Urnin to 300°C. Triplicate samples were analyzed 
for each derivatization procedure at each condition for 
the MS/MS studies. Sample size was 1 pg of the non- 
derivatized prostaglandins or 1 ng of the PFB ester 
derivatives. 
Tandem Muss Spectrometry 
A Finn&an MAT TSQ45 (San Jose, CA) gas chromato- 
graph/triple quadrupole mass spectrometer was em- 
ployed. Mass spectrometry conditions were interface 
and transfer line temperature 300 ‘C, ionizer tempera- 
ture 190 “C, electron energy 100 eV, and emission cur- 
rent 0.3 mA. Electron-capture negative chemical ion- 
ization was carried out with methane at an ionizer 
pressure of 0.45 torr. 
In the MS/MS experiments, nitrogen coIlision gas 
pressure and collision energy were varied depend- 
ing on each experiment. The [MOXKMS-PFB]- or 
[M-PFBJ- carboxylate anion was selected in the first 
quadrupole (Ql) region and passed into the collision 
cell (Q2). In this region these ions underwent CAD 
to form characteristic fragments that were then mass- 
analyzed in the third quadrupole (Q3) region. A full 
daughter spectrum was acquired over the mass range 
of 55-600 u. The maximum collision energy possible 
on the TSQ45 is 30 eV. 
The peak areas in the daughter spectra of selected 
daughter ions and the parent ion remaining after CAD 
were calculated by the INCOS computer system for 
each GC and solids probe sample. A baseline was cho- 
sen visually and the calculated areas were used for de- 
termining CAD efficiencies. 
Results and Discussion 
The abundance of the daughter ions relative to that of 
the remaining parent carboxylate anion in the daugh- 
ter spectrum can be controlled by varying the CAD 
energy or pressure; these parameters also affect sen- 
sitivity due to scattering losses. The processes of frag- 
mentation and scattering can be monitored by evaluat- 
ing the fragmentation (EF), collection (Ec);and overall 
CAD (ECAD) efficiencies given by the following equa- 
tions [16]: 
EDj 
EF=-= 
P + CDi 
fraction of ions present 
foIlowing CAD that are 
daughter ions 
EC = 
P + XDi y = fraction of initial parent 
PO ions that is collected 
following CAD as either 
parent or daughter ions 
I 
E cAD = F = fraction of initial parent 
II ion that is converted to 
collectable daughter ions 
where PO, P, and, Di are the intensities of the parent 
ion prior to CAD, the parent ion remaining after CAD, 
and a daughter ion resulting from CAD, respectively. 
Note that ECAD = EF x EC. 
Monitoring the above processes can help in deter- 
mining optimum MS/MS conditions for trace determi- 
nation of prostaglandins. These efficiencies are affected 
by collision energy and collision gas pressure. Either 
parameter can be varied to maximize the CAD effi- 
ciency for a particular parent ion. Increasing the colli- 
sion energy allows for more energetic collisions, while 
increasing the collision gas pressure increases the num- 
ber of collisions each ion experiences. Either approach 
increases the amount of energy deposited into the par- 
ent ion, and thereby increases the fragmentation ef- 
ficiency. However, an increase in collision energy or 
pressure will produce an increase in scattering losses 
(or possibly other loss mechanisms such as neutral- 
ization by charge exchange) and thereby decrease col- 
lection efficiency. The overall CAD efficiency, as the 
product of fragmentation and collection efficiency, will 
typically first increase then level off and even decrease 
as the collision energy or pressure is increased. Sys- 
tematic variation of each parameter would provide a 
three-dimensional plot of efficiency versus energy ver- 
sus pressure. Practically, such studies involve two- 
dimensional slices through this three-dimensional sur- 
face, varying one parameter while keeping the other 
constant. 
Collision-activated Dissociation of the [MOXRMS- 
PFBI- Ions of Derivatizd Prostaglandins 
Pressure-resolved breakdown curves for selected ions 
of the PFB-TM5 derivative of PGF,, and the MO-PFB- 
TMS derivative of PGE, are shown in Figure 3. The 
optimum collision gas pressure is indicated on each 
curve. This type of curve can be calculated by divid- 
ing the area of a selected daughter ion by the area of 
all the ions in the daughter spectrum (Di/[CDi + P]) 
at each pressure. The point that is chosen as the opti- 
mum is at a pressure where one can obtain a qualitative 
daughter spectrum with a number of reasonably abun- 
dant daughter ions. Note that the optimum pressure 
for PGF1, is five times higher than that for PGE2. 
Trace analysis by selected reaction monitoring with 
MS/MS requires optimization of the absolute intensity 
of a single daughter ion of the selected parent ion. 
The curves in Figure 4 give an indication of the opti- 
mum reactions and collision gas pressures that should 
be selected for maximum SRM sensitivity for PGFz, 
and PGE,. This type of curve is calculated by divid- 
ing the area of selected daughter ions, Di, by the area 
392 GILLESPIE AND YOST 
PGF2, PRESSURE RESOLVED 
so BREAKDOWN CURVE 
zs Collision Energy - 30 eV 
P 
0 
(a) Collision. Gas Pressure (mTorr N2) 
PGEl PRESSURE RESOLVED 
M, BREAKDOWN CURVE 
Collision Energy - 30 eV 
GZ..W 524- -. 344- 
(b) Collusion Gas Pressure (mTorr N2) 
Figure 3. Pressure-resolved breakdown curve of the carboxylate 
anions of the MO-PFB-TMS derivatives of (a) PGF2. and (b) 
PGEz . 
of the incident parent ion, PO (measured in a daugh- 
ter spectrum without collision gas). The reaction with 
the highest CAD efficiency should be selected to yield 
the highest sensitivity for SRM trace determination of 
prostaglandins. For example, in the case of PGFpa, 
choice of the 569-+299- selected reaction would be 
the optimum at a collision pressure of 3.0 mtorr N2 and 
collision energy of 30 eV. This reaction corresponds 
to the [M-PFB]- + [(M-PFB) - 3(HOTMS)]- for the 
derivatized carboxylate anion of PGFz, _ For PGEZ, the 
[M-PFB]- + [(M-I’FB) -2(HOTMS)pCOz pHOCH,]- 
reaction is optimum at a pressure two times lower than 
for PGFzu. Even more notable is that the optimum 
CAD efficiency (Q/PO) for PGEp (10%) is five times 
higher than that for PGF?, (2%). 
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The optimum collision gas pressure for both qual- 
itative and quantitative (SW) analysis of PGE2 and 
PGF2, is surprisingly different. Optimum pressures in 
both cases (Figures 3b and 4b) for PGEz are lower than 
the optima found for PGF,, (Figures 3a and 4a). The 
dramatically lower CAD efficiency for the carboxylate 
anion of PGF,, compared to that of PGEi clearly indi- 
cates its greater stability under CAD conditions. 
In light of the dramatic differences observed in 
the CAD efficiencies of the carboxylate anions of the 
Figure 4. Overall CAD efficiency for SRM of the carboxylate an- 
ions of the MO-PFB-TMS derivatives of (a) PGF2, and @) PCE2. 
fully derivatized PGF1, and PGET (differing struc- 
turally only in the presence of a carbonyl group at C- 
9 derivatized to a methoximine, in PGE*, rather than 
a hydroxyl group at the C-9 position, derivatized to 
a trimethylsilyl group, in PGFz,), two prostaglandins 
similar to these were studied. The I’GDz and PGEZ iso- 
mers vary only by the interchange of the hydroxyl and 
carbonyl groups on C-9 and C-11. DHKF, differs from 
PGF2, by exchange of a carbonyl group (derivatized to 
a methoximine) for the hydroxyl group (derivatized to 
a trimethylsilyl) at C-15. 
In Figure 5 curves for fragmentation, collection, and 
overall CAD efficiencies versus collision energy for 
the carboxylate anions of PGEz, PGFZ,, PGD2 and 
DHKF2, are presented. These curves show the effects 
of varying the collision energy at two different collision 
gas pressures. In Figure 5a-c the collision pressure 
has been established at 1.2 mtorr N2, a value which 
is typically optimum for many MS/MS analyses. The 
fragmentation efficiency curve (Figure 5a) indicates the 
dramatic differences in stability of the carboxylate an- 
ions of the four PGs. At a collision energy of 30 eV 
the fragmentation efficiencies range from a typical 80% 
down to only 2%. The collision pressure must be in- 
creased to produce more efficient fragmentation. The 
collection efficiencies (Figure 5b) for the four PGs are 
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Figure 5. CAD efficiency of the [MOXITMS-PFB]- carboxylate anions versus co&ion energy: (a) 
fragmentation at 1.2 mtorr Nz; (b) collection at 1.2 mtorr N i (c) overall CAD at 1.2 mtorr Nz; (d) 
fragmentation at 3.0 mtorr N2; (e) collection at 3.0 mtorr Nz; (f) overall CAD at 3.0 mtorr N,. 
similar. The notable exception is PGD2, which has an 
unusually high collection efficiency at collision ener- 
gies of lo-25 eV. This explains the difference noted be- 
tween the fragmentation efficiency of PGE2 and PGDz 
compared to their overall CAD efficiency. Although 
there is no obvious explanation for the difference be- 
tween the collection efficiencies for PGDl and PGEp, it 
is reproducible ( f 10%) for triplicate runs. 
Figure 5d-f shows the overall CAD, collection and 
fragmentation efficiencies at a collision gas pressure 
2.5 times higher. The fragmentation efficiency (Figure 
5d) as well as the overall CAD efficiency (Figure 5f) 
curves demonstrate the differences in the stability of 
the carboxylate anions during the CAD process. At 
these high collision gas pressures, even at a collision 
energy as low as 4.0 eV, little or no parent ion is left for 
PGEl and PGDP, yielding a fragmentation efficiency 
of nearly 100% (Figure 5d). The inefficient fragmenta- 
tion (noted in Figure 5a) for PGF*, and DHKF2, is still 
observed. Note that at the higher collision gas pres- 
sure scattering losses become significant, especially at 
higher collision energies, yielding an optimum colli- 
sion energy below the maximum available 30 eV. 
The fragmentation efficiencies (EF) for the carboxy- 
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Figure 6. CAD efficiency of the [MOXITMS-PFB]p carboxylate 
anions versus collision gas pressure at a collision energy of 30 
eV: (a) fragmentation; (b) collection; (c) overall CAD. 
late anions of the four PGs as a function of collision 
gas pressure at the maximum available collision en- 
ergy (30eV) are shown in Figure 6a. At low collision gas 
pressures PGE? has a fragmentation efficiency twenty 
times greater than that for l?GF2, and DHKF2,. There 
are no dramatic differences in the collection efficiency 
(Figure 6b) of the four PGs, although at low collision 
gas pressures (<Il.5 mtorr Nz), DHKF2, has the highest 
E,-, but at high collision gas pressures the lowest Ec 
Since the mass of the carboxylate anions are approxi- 
mately the same, the increased loss of ions is probably 
not due to scattering but rather due to neutralization 
of the anion by electron detachment. The overall CAD 
efficiencies (Figure 6c) for the carboxylate anions of the 
four PGs demonstrate the differences in their behav- 
ior; PGEl has a maximum E,-AD of 3.596, which is two 
times greater than that for PGDz, five times better than 
PGF1,, and twenty times greater than DHKF*, 
The efficiency curves for the four PGs demonstrate 
that differences do exist between F series PGs and 
PGEZ and PGDz . However, by examining Figure 6a-c, 
similarities can be noted for certain PGs. PGD2 has a 
fragmentation, collection, and overall CAD efficiency 
behavior essentially the same as PGEl. The behavior 
of DHKFZ, closely resembles that of PGF2,. The no- 
table difference is that DHKF2, has an EF and ECAD 
even lower than that of PGF2,. These results suggest 
that the presence of two trimethylsilyl groups on the 
cyclopentyl ring (positions C-9 and C-11) of PGF2, and 
DHKF*, add to the stability of the [M-PFB]- carboxy- 
late anion during CAD experiments. 
Collision-activated Dissociation of the [M-PFB] 
Ions of Derivatized Prostaglandins 
In order to test this hypothesis, the PFB ester deriva- 
tives (without methoxime or trimethylsilyl groups) of 
the PCs were examined. A conventional solids probe 
was used to introduce the derivatized PCs because, 
with only PFB derivatization, the PGs were no longer 
amenable to CC separation. The CAD efficiency data 
from this study are shown in Figure 7. The fragmen- 
tation behavior (Figure 7a) of the carboxylate anions 
of the PFB-only derivatives is similar to that observed 
for the fully derivatized PGs (Figure 6a). The PGF,- 
PFB and DI-LI&,-PFB derivatives fragment even less 
efficiently than the MO-PFB-TMS derivatives at colli- 
sion pressures > 2.0 mtorr N2. This noted difference 
in the fragmentation efficiency of the PFB derivatives 
is reflected in the extremely low overall CAD efficiency 
(Figure 7c) of PGF2, and DHKF,,. 
The resuIts from this study suggest that the pres- 
ence or absence of trimethylsilyl and methoxime 
groups of the fully derivatized PGF,,-PFB-TMS has lit- 
tle or no effect on the observed differences in the frag- 
mentation behavior of PGE2 and PGFh . It is hypothe- 
sized that the difference noted between the EF of PG& 
and PGFzO is due only to the presence of two -OH (or 
-0TMS) groups on the cyclopentyl ring of the F-series 
prostaglandins. This is seen in Figure 8, which contains 
sketches of ball-and-stick models of PGE2 and PGF, . 
Figure 8a shows one possible configuration of PGF2, 
demonstrating how the carboxylate group can interact 
with the two -OH groups on C-9 and C-11. In contrast, 
the PGEz configuration (Figure 8b) shows that, with 
only one -OH group, the interaction with the carboxy- 
late group may not be as strong. Thus, the stability of 
the carboxylate anions of the F series prostaglandiis 
would be expected to be greater during CAD than the 
stability of the D and E series prostaglandins. 
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in the EC-NC1 mass spectrum; however, both PGFza 
and DHKF2, produced an [M-H]- ion intense enough 
to permit CAD analysis. The EF, Ecf and ECAD for 
these nonderivatized [M-H]- ions are shown in Figure 
9. The curve for Ec (Figure 9b) of the [M-H]- ion for 
DHKF2, is similar to that found for the [M-PFB]- ion 
in Figure 7b; however, for PGF,,, at lower collision 
pressures (<l.O mtorr N2), the Ec is three times higher 
than in the case of Figure 7b. Looking at Figure 9a and 
c, the fragmentation and CAD efficiencies are shown 
to be similar to those found in Figure 7a and c. The 
EF and EcAo for PGF2, and DHKF,, are two to four 
times greater for the [M-H]- ion than for the [M-PFB]- 
ion. This slight difference between the ions may be 
explained by the increased internal energy in the [M- 
HI- ion produced under EC-NC1 compared to that of 
the [M-PFB]- ion produced by dissociation electron 
capture. 
Conclusions 
This study demonstrates the need for monitoring the 
CAD efficiency in the trace analysis of PGs. Optimiza- 
tion of both collision energy and collision gas pres- 
sure is essential in obtaining the optimum qualitative 
daughter spectrum. The CAD reaction with the high- 
est CAD efficiency should be selected to maximize sen- 
sitivity for SRM determination of PGs. We have shown 
the drastic differences in the optimum collision gas 
pressures for SRM with MS/MS for the determination 
of PGE2 and PGFti. 
Figure 7. CAD efficiency of the [M ~ PFB]- carboxylate anions 
versus collision gas pressure at a collision energy of 30 eV: (a) 
fragmentation; (b) collection; (c) overall CAD. 
Collision-activated Association of the IM-HI - Ions 
of Underivatized Prostaglandins 
Underivatized prostaglandins were examined to look 
at the fragmentation and CAD efficiency of the [M- 
H]- carboxylate anions. These ions have nominally the 
same structures as the [M-PFB]- carboxylate anions 
formed by dissociative electron capture from the PFB- 
derivatized compounds. A conventional solids-probe 
was used for this study, as in the experiments done 
on the PFB-only derivatives ([M-PFB]-). The [M-H]- 
ions of PGE, and PGDp could not be studied because 
of their low abundance (0.1% relative to [M-HpO]-) 
@) 
Figure 8. Sketch of ball-and-stick models ofz (a) PGF2, and (b) 
PGE2. Solid balls represent oxygen atoms. 
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Figure 9. CAD efficiency of the [M-H]- carboxylate anions ver- 
sus collision gas pressure at a collision energy of 30 eV: (a) frag- 
mentation; (b) collection; (c) overall CAD. 
The differences in fragmentation behavior of PGEP 
and PGF2, were examined through the use of frag- 
mentation, collection, and overall CAD efficiency stud- 
ies. We have found that the CAD efficiency for the 
[MOXITMS-PFB]-, [M-PFB]- and [M-H]- carboxylate 
anions is significantly different for closely related PGs. 
Through the use of these curves, we have shown that 
F-series PGs fragment less efficiently than PGE2 and 
PGD2. A theory has been proposed to explain these 
drastic differences seen in the fragmentation behavior 
of structurally similar carboxylate anions of PGs. It is 
believed that F-series PGs are more stable during CAD 
due to the interaction of the carboxylate group with the 
two -OH groups in the cyclopentyl ring. 
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